The presented work is focused on the naturally thermostable α-amylase from the archaebacterium Thermococcus hydrothermalis. From the evolutionary point of view, the archaeal α-amylases are most closely related to plant α-amylases. In a wider sense, especially when the evolutionary trees are based on the less conserved part of their amino acid sequences (e.g. domain C succeeding the catalytic TIM-barrel), also the representatives of bacterial liquefying (Bacillus licheniformis) and saccharifying (Bacillus subtilis) α-amylases as well as the one from Thermotoga maritima should be included into the relatedness with the archaeal and plant α-amylases. Based on the bioinformatics analysis of the α-amylase from T. hydrothermalis, the position of tyrosine 39 (Y16 if the putative 23-residue long signal peptide is considered) was mutated to isoleucine (present in the α-amylase from T. maritima) by the in vitro mutagenesis. The biochemical characterization of the wild-type α-amylase and its Y39I mutant revealed that: (i) the specific activity of both enzymes was approximately equivalent (0.55 ± 0.13 U/mg for the wild-type and 0.52 ± 0.15 U/mg for the Y39I); (ii) the mutant exhibited decreased temperature optimum (from 85 • C for the wild-type to 80 • C for the Y39I); and (iii) the pH optimum remained the same (pH 5.5 for both enzymes). The remaining activity of the α-amylases was also tested by one-hour incubation at 80 • C, 85 • C, 90 • C and 100 • C. Since the wild-type α-amylase lost only 13% of its activity after one-hour incubation at the highest tested temperature (100 • C), whereas 27% decrease was seen for the mutant Y39I under the same conditions, it is possible to conclude that the position of tyrosine 39 could contribute to the thermostability of the α-amylase from T. hydrothermalis.
Introduction α-Amylases (EC 3.2.1.1) are enzymes capable in general to catalyze the hydrolysis of the α-1,4-glycosidic bonds in starch and related poly-and oligo-saccharides. They are produced by various organisms originating from all the three domains of life -Bacteria, Archaea and Eucarya (Janecek 2005; MacGregor 2005; Sivaramakrishnan et al. 2006; Seo et al. 2008) . From the primary structure point of view, there are two families of αamylases within the sequence-based classification of glycoside hydrolases (GHs) at the CAZy server (Cantarel et al. 2009 ): the family GH13 and the family GH57. The two types of α-amylases do not only differ from each other by their amino acid sequences but also by their catalytic machineries and tertiary structures (e.g., Matsuura et al. 1984; Kadziola et al. 1994; Uitdehaag et al. 1999; MacGregor et al. 2001; Imamura et al. 2003; Linden et al. 2003; Robert et al. 2003; Zona et al. 2004; Ballschmiter et al. 2006; Dickmanns et al. 2006; Sivakumar et al. 2006; Tan et al. 2008 ). On the other hand the α-amylases from both families GH13 and GH57 employ the same retaining reaction mechanism of the glycosidic bond cleavage (McCarter & Withers 1994) .
With regard to α-amylases from the family GH13, known currently as the α-amylase family (MacGregor et al. 2001) , at the beginning of 1990s, several groups were recognized, such as: (i) fungi and yeasts; (ii) plants; (iii) animals and actinomycetes; and (iv) the rest of bacteria that were scattered in the evolutionary tree (Janecek 1994) . No α-amylase from an archaeon was known at that time and the plant α-amylases were clustered with liquefying and intracellular counterparts of bacterial origin (Janecek 1994) . The situation dramatically changed when the first archaeal GH13 α-amylases were sequenced, e.g. those from Thermococcus sp. Rt3 (Jones et al. 1999) and Thermococcus hydrothermalis (Leveque et al. 2000a) , and were surprisingly found at Y39I mutant of archaeal GH13 α-amylase 409 the branch adjacent to the one leading to the plant αamylases (Janecek et al. 1999) . This interesting observation was clear especially if the evolutionary tree was based on the alignment of conserved sequence regions (Janecek 2002 (Janecek , 2008 .
The features from the conserved sequence regions (Janecek 2002) characteristic of the archaeal αamylases and simultaneously and almost exclusively present in their plant counterparts are as follows (Janecek et al. 1999 ): (i) Ile107 (T. hydrothermalis αamylase numbering; Leveque et al. 2000a ) succeeding the conserved aspartate in the conserved sequence region region I (strand β3 of the catalytic TIM-barrel); (ii) (Ala194)-Trp195 at the beginning, Tyr199 in the middle and Gly202 at the end of the region II (strand β4); (iii) Ala219 succeeding the conserved tryptophane and Tyr223-Trp224 succeeding the catalytic proton donor (Glu222) in the region III (strand β5); (iv) Ala286 in the region IV (strand β7); (v) Ile196 in the region V (located within the loop3, i.e. domain B); (vi) Ile42 succeeding the conserved glycine at the beginning and dipeptide Pro48-Pro49 at the end of the region VI (strand β2); and (vii) Gln309 succeeding the conserved glycine at the beginning, tripeptide Ile312-Phe313-Tyr314 in the middle and Asp316 at the end of the region VII (strand β8). Since the archaeal α-amylases exhibit their temperature optima around and above 80 • C (Leveque et al. 2000b; Bertoldo & Antranikian, 2002) and the plant enzymes are generally substantially less thermostable, the close sequence similarity between the α-amylases from Archaea and plants has evoked the plausibility of revealing factors responsible for the high thermostability of the archaeal α-amylases. This idea stems from the fact that despite the sharing of some exclusive sequence features between the plant and archaeal α-amylases mentioned above, there are also additional specific sequence features that enable them to be distinguished from each other, i.e. those in the archaeal α-amylases that have no correspondences in the plant counterparts, and vice versa. These specific differences should be used to reveal the molecular basis of high thermostability of the archaeal α-amylases via the approaches of site-directed mutagenesis and protein design.
In an effort to contribute to the knowledge on the structure/stability relationships of GH13 α-amylases, a bioinformatics analysis of representatives of these enzymes was undertaken with focus on those originating from Archaea. It has become evident that the unique close evolutionary relatedness between the GH13 αamylases from Archaea and plants (Janecek et al 1999) is reflected in the most conserved sequence regions or within the catalytic TIM-barrel domains. In addition, the present work discusses the results of the biochemical characterization and comparison of the wild-type and site-directed mutant Y39I of the archaeal thermostable α-amylase from T. hydrothermalis. The position of Tyr39 was selected since it belongs to a short conserved stretch covering the strand β1 of the catalytic TIM-barrel -mostly FYW in archaeal, FNW in plant and FEW in animal α-amylases (Janecek 1994) , an aliphatic hydrophobic residue (e.g. isoleucine) being not frequently found in the position corresponding with the archaeal tyrosine (Da Lage et al. 2004) . In addition to the basic biochemical characteristics, such as specific activity, temperature and pH optima, the effects of the incubation at high temperature (from 80 to 100 • C) were also evaluated.
Material and methods

Bioinformatics analysis
The list of α-amylases sequences used in the present study is given in Table 1 . The sequences were retrieved from the SwissProt database (Bairoch et al. 2009 ). This set of α-amylases sequences covers the widest possible taxonomic spectrum as presented in previous phylogenetic studies (Janecek 1994; Janecek et al. 1999; Da Lage et al. 2004) with emphasis on the enzymes from archaeons and plants. An alignment was performed for the mature enzymes covering domains A, B and C (MacGregor et al. 2001) using the program ClustalW (Thompson et al. 1994 ) available at the EBI server (http://www.ebi.ac.uk/). The evolutionary trees were calculated as Phylip-tree type (Felsenstein 1985) and neighbour-joining clustering (Saitou & Nei 1987) implemented in the ClustalW package (Thompson et al. 1994) . The trees were displayed with the program TreeView (Page 1996) .
Preparing the wild-type and Y39I mutant α-amylase The wild-type recombinant α-amylase gene was prepared as described previously (Horvathova et al. 2006 ). The desired mutation Y39I was introduced into pII.7 plasmid (Horvathova et al. 2006) according to the QuikChange Multi Site-Directed Mutagenesis Kit (Stratagene, USA). A mutagenic primer for Y39I (5'-ATA ATG CAG GCC TTC ATT TGG GAC GTC CCA GGT-3') was designed (the desired mutation is underlined). Briefly, the thermal cycling procedure was used in the first step; the reaction included a supercoiled double-stranded DNA template (pII.7) and mutagenic primer Y39I. Mutagenic primer was annealed to denatured template. PfuTurbo DNA polymerase then extended the mutagenic primer with high fidelity and without primer displacement, generating double-stranded DNA molecules with one strand bearing the mutation. After this step the cycling reaction product was treated with the restriction endonuclease DpnI that digested the methylated parental template DNA (pII.7), while the amplified unmethylated mutated template remained. The reaction mixture, enriched for the mutated single-stranded DNA, was transformed into XL10-Gold ultracompetent cells (Stratagene, USA), where the closed circular single-stranded mutant DNA was converted into duplex form in vivo. The double-stranded mutated plasmid DNA was then prepared from the transformants and analysed to identify the clones bearing the mutation by sequencing (Merck, Slovakia). The correct plasmid DNA bearing the mutation was named p7mY39I. Expression and activity experiments were processed as published previously (Horvathova et al. 2006) .
Biochemical characterization
The activity of the α-amylase was determined by the modified Bernfeld method (Bernfeld 1955) . The solution of the α-amylase (120 µL; 85 • C for the wild-type, 80 • C for the Y39I mutant) was added to 120 µL 1% starch (Leulier; Centralchem, Slovakia) suspension (85 • C for the wild-type, The underlined regions at the N-and C-termini indicate the putative signal peptide (23 amino acid residues) and the domain C (from serine 362; succeeding the catalytic TIM-barrel), respectively. The stretch 454 CGVG (in italics) signifies the real C-terminus of the original enzyme (Leveque et al. 2000a ) that is followed by the C-terminus of the recombinant α-amylase (Horvathova et al. 2006 ). The yellow highlighting emphasize the conserved sequence regions characteristic of the GH13 α-amylase family members (Janecek 2002) with the catalytic triad in red (D220, E244 and D311 at the strands β4, β5 and β7, respectively). The position of the mutation (Y39) is highlighted in blue. (b) The alignment of the N-terminal parts of the amino acid sequences of the α-amylases listed in Table 1 . The position of the mutated tyrosine 39 of T. hydrothermalis α-amylase (Tyr16 because the sequences are shown without the signal peptides) is coloured in blue and marked by the arrow. The conserved sequence region around the strand β2 is highlighted in yellow. 80 • C for the Y39I mutant). After 3-min incubation the reaction was terminated by addition of 240 µL of 1% 3,5dinitrosalicylic acid (Mikrochem, Slovakia) solution. The mixture was boiled for 5 min, then cooled, 2 mL of distilled water was added and the absorbance was measured at 540 nm against a blank. One unit of the α-amylase activity catalyzes the releasing of 1 µmol of reducing groups (calculated as maltose; Lachema, Czech Republic) from soluble starch per 1 min (at 85 • C and pH 5.5). The protein content in the α-amylase samples was determined by the Lowry method (Lowry et al. 1951) .
The temperature optimum for both the wild-type and Y39I mutant α-amylases was determined in 5 • C intervals between 25-100 • C. The activity was assayed as described above. pH optimum was determined between pH 4.0-8.0 with individual values as follows: 4.0, 5.0, 5.2, 5.5, 5.7, 6.0, 6.2, 6.5, 6.7, 7.0 and 8.0. 0.2 M Na2HPO4 (Lachema, Czech Republic) and 0.1 M citric acid (Acros Organics, Great Britain) buffers were used for adjusting the pH. α-Amylase activity was determined as described above at the temperature optimal for the wild-type (85 • C) and mutant (80 • C).
All experiments were performed in triplicates.
Thermoinactivations
The thermostability of the α-amylase was tested at temperatures 80 • C, 85 • C, 90 • C and 100 • C and pH 5.5. Aliquots from the α-amylase samples incubated at the individual temperatures were removed at the time intervals 1.5, 5, 10, 20, 40 and 60 min and the activity was then measured as described above (at 85 • C for the wild-type and at 80 • C for the Y39I mutant).
Results and discussion
Sequence comparison
The individual sequence features, characteristic of the α-amylase from T. hydrothermalis, are depicted in Figure 1a. The experimental work described in the present study was done using the recombinant α-amylase produced in E. coli (Horvathova et al. 2006 ) that possesses a 21-amino acid residue long extension at its C-terminus including the His-tag. Based on the bioinformatics analysis of the primary structures of the α-amylases from archaeons and other organisms (Janecek et al. 1999) , tyrosine at position 39 in the T. hydrothermalis α-amylase (Figure 1 ) was selected for mutation (Tyr16 if the 23-residue long putative signal peptide is taken into account; cf. Table 1). This residue belongs to a short conserved stretch adjacent to the strand β1 of the catalytic TIM-barrel domain of GH13 α-amylases (Janecek 1994) . The substitution of Tyr39 for isoleucine was selected with regard to the fact that an aspartate (asparagine) or glutamate corresponds usually with this aromatic position typical for the archaeal α-amylases (Janecek 1994; Da Lage et al. 2004 ), a hydrophobic aliphatic residue being found probably only in the α-amylase from Thermotoga maritima (Liebl et al. 1997) . Despite the fact that the alignment of the T. maritima α-amylase at the N-terminal end of its sequence is not absolutely unambiguous ( Fig. 1b) , we decided to prepare just the a Length, the number of amino acid residues for the complete protein; SP, the length of real or putative signal peptide; A+B+C, the mature α-amylase proteins covering the TIM-barrel (domain A), domain B (protruding out from the barrel between the strand β3 and helix α3) and the C-terminal domain C (succeeding the TIM-barrel); Swiss-Prot, the accession numbers from the Swiss-Prot database.
mutant Y39I due to a really rare isoleucine (or leucine and valine) position corresponding with the tyrosine 39 (Da Lage et al. 2004) .
Evolutionary relationships
The choice of T. maritima α-amylase as a model for making the mutant of T. hydrothermalis α-amylase was relevant since this enzyme from Thermotoga occupies an isolated position among other bacteria in the evolutionary tree of α-amylases from a wide taxonomy spectrum (Da Lage et al. 2004 ). Moreover, both Thermotoga and Thermococcus α-amylases exhibit a similar high thermostability (Liebl et al. 1997; Leveque et al. 2000a ) and based on the genome sequence comparisons of T. maritima (Nelson et al. 1999) considerable lateral gene transfer between Bacteria and Archaea appears to have occurred. The evolutionary trees (Fig. 2) constructed for the set of selected sequences of α-amylases (Table 1 ) also support the view that the T. maritima α-amylase deserves attention. If the trees were based on the alignment of the catalytic TIM-barrel (including domain B), the Thermotoga α-amylase was positioned on a common branch with the α-amylase from Aspergillus oryzae (a representative of fungi and yeast), regardless the gaps from the alignment were included or not in calculating the tree (Fig. 2 a,b) . It is worth mentioning, however, that both Aspergillus and Thermotoga enzymes keep their own independency. If the trees were calculated from the alignment of domain C (the one succeeding the TIM-barrel), the α-amylase from T. maritima was found on a branch leading also to plant α-amylases, i.e. in a wider sense in the part of the trees where both archaeal and plant α-amylases are grouped together (Fig. 2 c,d) .
The present evolutionary analysis demonstrates one more fact that adds to our understanding of the close relatedness between the achaeal and plant αamylases (Janecek et al. 1999) . It is clear that the α-amylases from both Archaea and plants occupy the adjacent branches only if the evolutionary tree is based on the best conserved segments or eventually larger, but conserved parts of their sequences, i.e. the so-called conserved sequence regions (Janecek et al. 1999; Da Lage et al. 2004; van der Kaaij et al. 2007) or catalytic TIM-barrels but ignoring the positions with gaps in the alignments (Fig. 2a ). If the gaps are taken into account, the exclusive neighbourhood of archaeal and plant α-amylases is impaired by liquefying α-amylases represented here by the enzyme from Bacillus licheniformis ( Fig. 2b) that goes with the archaeal α-amylases. For the trees based on less conserved parts (e.g. the domain C), also other bacterial α-amylases share the branch leading to the plant enzymes: either the abovementioned T. maritima α-amylase ( Fig. 2c ; gaps ignored) or both the Thermotoga α-amylase with saccharifying α-amylases represented here by the one from Bacillus subtilis ( Fig. 2d ; gaps included).
Biochemical characteristics
As seen from Table 2 , the specific activity of both the wild-type and mutant α-amylases, determined at 85 • C and 80 • C, respectively, was very similar with the value of around 0.5 U/mg protein.
The temperature optimum was determined in the interval of temperatures 25-100 • C with the 5 • C step (Fig. 3a) . The recombinant α-amylase, i.e. the wildtype here was confirmed to have the same temperature optimum (85 • C) as the original enzyme (Leveque et al. 2000a) , whereas the Y39I mutant showed a 5 • C (80 • C) decrease in the optimal temperature for its activity. This indicates that the position of the tyrosine 39 could contribute to the thermophilic character of the enzyme. Moreover, the mutated α-amylase exhibited a higher activity at lower temperatures until reaching its temperature optimum, but at higher temperatures its activity dropped faster than that of the wild-type ( Fig  3a) . The pH optimum was measured at pH values in the range from 4 to 8 (Fig. 3b) . The activities were determined at temperature optima, i.e. at 85 • C for the wild-type and at 80 • C for the Y39I mutant. Although the pH optima for both the wild-type and mutant αamylases were found to be the same (pH 5.5), the Y39I mutant exhibited a more flat course of the pH dependence and higher activity in a wider pH range, whereas the wild-type α-amylase required for its optimal activity a more narrow pH range approximately from 5.2 to 5.7 (Fig. 3b) .
Thermoinactivations
Since the site-directed mutant Y39I was designed in an effort to find out whether or not the selected position of tyrosine 39 contributes to the α-amylase thermostability, the experiments focused on the surviving the α-amylase at high temperatures were also carried out. Most of the archaeal α-amylases belong to hyperthermostable enzymes (Leveque et al. 2000b; Vieille & Zeikus 2001) . The residual specific α-amylase activity was therefore measured during the up-to 1-hour incubation at the temperatures 80 • C, 85 • C, 90 • C and 100 • C. The activities were determined at 85 • C for the wildtype and 80 • C for the Y39I mutant at pH 5.5 (in both cases). The results are summarised in Figure 4 and it is evident that the mutated α-amylase has a decreased thermostability in comparison with its wild-type counterpart. The differences are most evident for the highest temperature tested (100 • C; Fig. 4d ). After the 1-hour incubation at 100 • C the wild-type α-amylase lost only 13% of its specific activity, whereas 27% loss was determined for the mutant enzyme.
It is not possible to discuss extensively Y39I αamylase mutant because α-amylases mutated in the position corresponding to that of tyrosine 39 in T. hy-drothermalis α-amylase has not been reported in the literature to date. Of the highly thermostable α-amylases, B. licheniformis α-amylase represents the best studied prokaryotic α-amylase with regard to the effects of point mutations (Declerck et al. 2002) . Concerning the archaeal α-amylases, Savchenko et al. (2002) confirmed by site-directed mutagenesis that the zinc-binding cysteine (C165) contributes to the thermostability of the Pyrococcus furiosus α-amylase. The zinc-binding site was determined also in the three-dimensional structure of related α-amylase from Pyrococcus woesei (Linden et al. 2003) . Based on sequence similarity (not shown) it is justified to assume that the zinc-binding site is con-
